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Protein overload stimulates RANTES production by proximal tubular
cells depending on NF-kB activation. Abnormal traffic of proteins through
the glomerular capillary has an intrinsic renal toxicity possibly linked to
the subsequent process of proximal tubular reabsorption. Here we inves-
tigated in vitro the effect of protein overload on proximal tubular cell
production of RANTES, a nuclear factor-kB (NF-kB)-dependent chemo-
kine with potent chemotactic activity for monocytes/macrophages and T
lymphocytes. Confluent pig LLC-PK1 cells were incubated for 24 and 48
hours with Eagle’s MEM plus 0.5% FCS containing bovine serum albumin
(BSA, 1 to 30 mg/ml). Tumor necrosis factor-a (TNF-a; 100 U/ml) was
used as a positive control. RANTES was measured in cell supernatants by
ELISA. Bovine serum albumin (BSA) induced a time- and dose-depen-
dent increase in proximal tubular cell RANTES production. Selected
experiments using transwells showed that the RANTES release was
predominantly basolateral. The stimulatory effect on tubular RANTES
was not specific to albumin but was shared by immunoglobulin (Ig) G. We
then explored the role of NF-kB on BSA-induced RANTES. The NF-kB
inhibitors pyrrolidine dithiocarbamate (PDTC; 25 mM) and sodium salic-
ylate (10 mM) significantly reduced BSA-induced RANTES production.
Electrophoretic mobility shift assay of nuclear extracts of LLC-PK1
exposed to BSA revealed an intense NF-kB activation as early as 30
minutes in a dose-dependent fashion, which was inhibited by PDTC.
Supershift analysis revealed that the protein subunits of activated NF-kB
were p65/p65 homodimer, p65/cRel, p50/cRel and p50/p65 heterodimers.
Given its chemotactic activity, RANTES released into the interstitium
might promote inflammatory cell recruitment and contribute to interstitial
inflammation and renal disease progression.
Chronic renal diseases with highly enhanced glomerular per-
meability to proteins are accompanied by tubulointerstitial in-
flammation and scarring and time progression to renal function
deterioration [1, 2]. In the recent years several studies have
indicated that proteins filtered through the glomerular capillary in
excessive amount have an intrinsic renal toxicity at least partially
linked to their accumulation into proximal tubular cell cytoplasm
during the process of reabsorption along the nephron [3]. Thus, in
experimental models of overload proteinuria, repeated i.v. injec-
tions of albumin artificially increase glomerular barrier perme-
ability and cause massive proteinuria [4, 5]. These events are
followed by tubular changes with infiltrations of macrophages and
T lymphocytes into the renal interstitium [6]. In such models the
severity of proteinuria is a major determinant of the degree of
interstitial inflammation [6]. In rats with overload proteinuria
produced by transplanting a pituitary tumor, findings of T cell
depletion while limiting interstitial inflammation had no effect on
urinary protein excretion [7], were taken as an evidence that
protein traffic is the inciting event leading to a subsequent
inflammatory reaction. Eventually interstitial inflammation trig-
gers interstitial fibroblast proliferation and accumulation of extra-
cellular matrix proteins [8–10], which contribute to scarring
lesions and renal disease progression. Studies have been devoted
to clarifying the biochemical pathways specifically activated by
excessive tubular reabsorption, and evidence is now available that
the phenotypic character of proximal tubular epithelial cells
changes in response to protein overloading. Thus, in vitro, over-
loading proximal tubuli with albumin and other proteins activates
the transcription of a number of genes encoding vasoactive and
inflammatory molecules [11–14], with potentially toxic effects on
the kidney. For instance, studies have found that overloading
proximal tubular cells in culture with albumin stimulated the
synthesis and release of endothelin-1 (ET-1), an effect indepen-
dent of the lipid component of the molecule and not confined to
albumin but also observed with other proteins like IgG and
transferrin [11]. ET-1 secretion by protein-overloaded tubular
cells is polarized towards the basolateral compartment [11], and
can therefore exert a pivotal role in interstitial inflammation and
fibrosis. Actually, ET-1 is chemotactic for macrophages [15] and
stimulates both interstitial fibroblast proliferation and extracellu-
lar matrix synthesis [16].
Among other chemoattractants, monocyte chemoattractant
protein-1 (MCP-1), a chemokine with potent chemotactic activity
toward monocytes/macrophages and T-lymphocytes [17, 18], has
been proposed as one possible mediator of tubulointerstitial
lesions that follow endocytosis of filtered proteins. Thus, MCP-1
mRNA was induced in proximal tubular cells challenged in vitro
with proteins at concentrations comparable to those found in
proteinuric urine [14]. Up-regulation of the MCP-1 gene depends
on the activity of the transcription factor nuclear factor kappa B
(NF-kB) [19, 20], which is present in the inactive form in the
cytoplasm of most cells and is activated upon proteolytic degra-
dation of the inhibiting subunit IkB [21–23]. Congestion of cell
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endoplasmic reticulum with viral proteins triggers NF-kB activa-
tion through a mechanism–probably involving the production of
oxygen radicals [24]–which induces the transcription of interferon
and cytokine genes, representing a fast and effective cell antiviral
response. That excess proteins in the proximal tubular epithelium
serve to up-regulate an NF-kB target gene like MCP-1 would
possibly indicate a more general mechanism of cell activation in
response to protein stress [24], which may well involve other gene
products. Among NF-kB dependent genes, the chemokine RAN-
TES (regulated upon activation, normal T cell expressed and
secreted) [25], which has potent chemotactic activity for macro-
phages, granulocytes and T lymphocytes [26], appears of particu-
lar interest in this context. RANTES is expressed by a variety of
cell types including lymphocytes, fibroblasts, mesangial cells and
renal tubular epithelial cells [27–29]. Marked induction of RAN-
TES gene occurs after stimulation of mesangial and tubular cells
with tumor necrosis factor (TNF), interleukin (IL)-1, lipopolysac-
charide (LPS) or aggregated IgG [28–30], and experimental
evidence suggests a functional role for RANTES in the inflam-
matory phase of crescentic nephritis [31] and in the Thy-1.1 model
of mesangioproliferative glomerulonephritis [32]. Molecular stud-
ies have identified NF-kB binding sites within the promoter region
of RANTES gene [33].
In the present study we sought to: (1) evaluate the effect of
protein overload on RANTES production by proximal tubular
cells in culture; (2) establish whether protein overload directly
activated the transcriptional factor NF-kB; (3) determine whether
NF-kB were involved in protein overload-induced RANTES
synthesis.
METHODS
Cell culture
LLC-PK1 cells are a permanent, well-characterized proximal
tubular cell line from the pig [34], and were obtained from the
American Type Culture Collection (Rockville, MD, USA). They
were grown in Eagle’s minimum essential medium in Earle’s BSS
(Gibco, Grand Island, NY, USA) supplemented with 10% fetal
calf serum (FCS; Gibco), 2 mM glutamine and nonessential amino
acids (Gibco) in 5% CO2-95% air at 37°C. The cells were
subcultured using 0.25% trypsin-0.02% EDTA (Gibco).
Cell incubation
LLC-PK1 cells were used between the 205
th and 230th passages.
To study the RANTES production cells were seeded in six-well
tissue culture plates (Falcon Labware Division, Becton Dickinson,
Milan, Italy). When confluency was reached the cells were stim-
ulated with bovine serum albumin (BSA; 1, 10, 30 mg/ml; Sigma
Chemical, St. Louis, MO, USA) or TNF-a (100 U/ml; BASF
KNOLL, Ludwigshafen, Germany), or were incubated with con-
trol medium (Eagle’s plus 0.5% FCS) for 24 or 48 hours. In
additional experiments the cells were incubated with fatty acid
free-BSA (10 mg/ml; Sigma) or with bovine immunoglobulin G
(IgG, 10 mg/ml; Sigma) for 48 hours. BSA and fatty-acid free BSA
used in these studies contained ,0.1 ng/mg LPS. Supernatants
were harvested and assessed for RANTES production; cells in
each well were trypsinized and counted to express the amount of
RANTES as pg/106 cells.
We chose a range of protein concentrations comparable to that
used in other studies [11, 14]. Such concentrations are higher than
those measured by micropuncture studies in the proximal tubular
fluid of rats with experimental nephrosis [35], but in vivo tubular
changes manifest only after a prolonged exposure of proximal
tubuli to filtered proteins.
To examine whether tubular secretion of RANTES were po-
larized, LLC-PK1 cells were grown on Transwell chambers (0.4
mm pore size, 24.5 mm diameter; Costar Data Packaging, Cam-
bridge, MA, USA) and maintained at confluence for four days
before use. The upper chamber, which corresponded to the apical
side of the tubular cells, contained 1.5 ml of medium alone or
medium in the presence of BSA (10 mg/ml), and the lower one,
corresponding to the basolateral side, contained 2.6 ml of medium
alone. After a 48 hour incubation, supernatants in the upper
chamber and in the lower one were harvested and assessed for
RANTES.
To study a possible relationship between protein overload-
induced RANTES production and the transcriptional factor NF-
kB, LLC-PK1 cells were plated on six-well tissue culture plates
and when confluent were treated with the NF-kB inhibitors
pyrrolidine dithiocarbamate (PDTC; 10, 25 mM; Sigma) [19] and
sodium salicylate (5, 10 mM; Sigma) [36] for one hour prior and
during 48 hour incubation with BSA (10 mg/ml). At the end of
incubation RANTES was measured in supernatants.
To investigate whether protein overload activated tubular NF-
kB, LLC-PK1 cells were seeded in 100 mm plastic dishes (Falcon)
and when confluent were exposed to BSA (10, 30 mg/ml) in the
absence or presence of PDTC (25 mM, 1 hr pre-treatment), TNF-a
(100 U/ml), or control medium for 30 minutes. Nuclear proteins
were extracted for electrophoretic mobility shift analysis (EMSA).
RANTES measurement by enzyme linked-immunosorbent assay
(ELISA)
RANTES production in tubular cell supernatants was quanti-
fied by ELISA using a commercially available kit (Biotraky;
Amersham Life Science, Little Chalfont, Buckinghamshire, UK).
The lowest detectable concentration of RANTES measured by
this kit was 2.5 pg/ml. No significant cross-reactivity or interfer-
ence with other cytokines was reported. The recovery of RANTES
for cell culture supernatants averages 97%.
Preparation of nuclear extracts
Nuclear extracts were prepared according to Satriano and
Schlondorff [37] with minor modifications. After washing with
phosphate buffered saline, cells were harvested and resuspended
in 2 ml of hypotonic buffer A (10 mM Hepes pH 7.6, 15 mM KCl,
2 mM MgCl2, 0.1 mM EDTA, 1.0 mM DTT and 0.2% Nonidet
P-40). After incubating for five minutes on ice the homogenate
was centrifuged at 650 3 g and the pellet was then washed once
with buffer A. The resulting nuclear pellet was resuspended by
gentle pipetting in 300 ml buffer C [25 mM Hepes, 50 mM KCl, 0.1
mM EDTA pH 8.0, 1.0 mM DTT, 10% (vol/vol) glycerol] and 0.4
M NaCl. This suspension was incubated for 45 to 60 minutes at 4°C
followed by centrifugation at 18000 3 g for 10 minutes. The
supernatant collected (nuclear extract) was divided into aliquots
and stored at 270°C for subsequent use. To minimize proteolysis,
all buffers contained 1.0 mM Pefabloc, aprotinin (15 mg/ml),
leupeptin (0.5 mg/ml). Protein concentrations were determined by
the Bradford assay using the Bio-Rad protein assay reagent.
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Electrophoretic mobility shift and supershift assays
The kB DNA sequence of the immunoglobulin gene was used
for the EMSA (59-CCGGTCAGAGGGGACTTTCCGAGACT).
The core kB sequence is underlined. Oligonucleotides were
synthesized (Life Technologies/Gibco-BRL, San Giuliano
Milanese, Italy) and annealed. Probe DNA (with 59 overhangs)
was end labeled by the kleenow enzyme with a 32P dCTP, and
separated from unincorporated nucleotides over a G-50 Sephadex
column (Pharmacia Biotech, Uppsala, Sweden).
Nuclear extracts (2 mg) were incubated with 50 kcpm of 32P
labeled NF-kB oligonucleotide in a binding reaction mixture [10
mM Tris-HCl pH 7.5, 80 mM NaCl, 1 mM EDTA, 1 mM dithio-
threitol, 5% glycerol, 1.5 mg of poly(dI-dC)] in a final volume of 15
ml. After 30 minutes on ice the protein-DNA complexes were
resolved on a non-denaturing 6% polyacrylamide gel in 0.5 3
Tris-borate-EDTA buffer and run at 200 V for 1.5 hours at room
temperature. Gels were then dried and subjected to autoradiog-
raphy for analysis.
In competition studies, a 1000-fold molar excess of unlabeled
oligonucleotide was added to the binding reaction mixture as
indicated, prior to the addition of the labeled kB probe. In other
experiments, to confirm the specificity of binding reaction an
excess unlabeled oligonucleotide containing an altered sequence
of the consensus NF-kB sequence (59-CCGGTCAGAAT-
TCACTTTCCGAGACT; the altered sequence of the mutated
DNA sequence is underlined) was added to the binding reaction
mixture prior to the addition of the labeled kB probe.
For supershift assays, the reaction mixture minus the probe was
incubated for one hour on ice with 1 ml of affinity-purified rabbit
polyclonal antisera specific for p65 (sc-109), p50 (sc-114) or c-Rel
(sc-71; all antisera were from Santa Cruz Biotechnology, Santa
Cruz, CA, USA). The labeled NF-kB oligonucleotide was then
added, and the incubation was continued at room temperature for
20 minutes. Antibodies to individual NF-kB protein subunits may
cause either supershift or deplete homodimeric or heterodimeric
complexes that bind the radiolabeled oligonucleotides as indi-
cated in several studies [38–40].
Electron microscopy
LLC-PK1 cultured on filters in bicameral systems for four days
after confluency was reached, were fixed by immersion in 0.5%
glutaraldehyde in 0.1 M phosphate buffered saline (PBS), pH 7.4.
Strips of filter of 2 mm 3 1 cm were cut with a razor blade and
subsequently postfixed in 1% osmium tetroxide for 30 minutes.
After a brief wash in PBS they were dehydrated through ascend-
ing grades of alcohol and embedded in Epon resin. Sections were
cut on an LKB V ultramicrotome. Semithin sections were stained
with toluidine blue in borax and examined by light microscopy.
Ultrathin sections were stained with uranyl acetate and lead
citrate and then examined with a Zeiss EM 109.
Statistical analysis
Results are expressed as mean 6 SE. Statistical analysis was
performed using repeated measures ANOVA and the Duncan
test for multiple comparisons, as appropriate [41]. Statistical
significance was defined as P , 0.05.
RESULTS
Protein overload stimulates RANTES production by proximal
tubular cells
The effect of increasing concentrations of BSA on RANTES
production by proximal tubular cells in culture is depicted in
Figure 1. After 24 hours of exposure to BSA a dose-dependent
increase in RANTES production as compared with cells exposed
to medium alone (control) was observed. Actually, RANTES
release in supernatants of cells incubated with 1 mg/ml BSA was
similar to control (152 6 27 vs. 133 6 13 pg/106 cells). By contrast,
incubation with 10 and 30 mg/ml BSA resulted in a progressive
and significant increase in the chemokine production (10 mg/ml,
224 6 24; 30 mg/ml, 288 6 17 pg/106 cells, P , 0.05 and P , 0.01
vs. control, respectively). TNF-a was used here as a positive
control.
RANTES production further increased after 48 hours, with a
trend similar to that observed at 24 hours. Thus a significant (P ,
Fig. 1. Effect of increasing concentrations of bovine serum albumin (BSA) on RANTES production by proximal tubular cells. Confluent cells were
incubated with control medium or with BSA-containing medium (1, 10, 30 mg/ml) for 24 (A) and 48 (B) hours. Results are expressed as mean 6 SE.
°P , 0.05 versus control; °°P , 0.01 versus control and BSA 1 mg/ml; *P , 0.05 versus BSA 10 mg/ml.
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0.01) increase in RANTES was observed with 10 and 30 mg/ml
BSA (10 mg/ml, 498 6 43; 30 mg/ml, 650 6 72 vs. control, 256 6
19 pg/106 cells).
To establish whether the stimulatory effect of albumin on
RANTES production by proximal tubular cells were attributable
to its lipid component, cells were exposed for 48 hours to fatty
acid-free BSA (10 mg/ml) or to BSA (10 mg/ml). Results showed
that fatty acid-free BSA and BSA stimulated RANTES release to
a comparable extent (537 6 52 vs. 529 6 32 pg/106 cells), thus
indicating that the lipid component of the molecule is not involved
in the observed phenomenon.
The effect of increasing RANTES synthesis was not confined to
albumin but was also apparent when proximal tubular cells were
exposed to higher than normal concentrations of proteins like IgG
(Fig. 2). Thus, as observed for BSA, 10 mg/ml IgG significantly
(P , 0.01) increased RANTES production after a 48-hour
incubation (510 6 27 pg/106 cells vs. control, 242 6 27 pg/106
cells).
Polarized secretion of RANTES by proximal tubular cells
exposed to protein overload
Since in vivo tubular epithelial cells are organized as a contin-
uous polarized cell layer that serves to separate apical and
basolateral compartment with different specific activity [42], here
we investigated whether tubular production of RANTES were
polarized toward the basolateral compartment. Proximal tubular
cells grown on filters in bicameral systems became organized in a
polarized cell monolayer as assessed by electron microscopy
examination (Fig. 3). LLC-PK1 cells presented microvilli on the
apical membrane and adjacent cells exhibited marked lateral
intercellular digitations and well-developed tight junctions in the
basolateral domain.
As shown in Figure 4, RANTES production by control tubular
epithelial cells was polarized in that RANTES release, after 48
hour incubation with medium alone, was significantly higher in the
basolateral compartment in respect to the apical side (228 6 19 vs.
80 6 6 pg/106 cells, P , 0.05). Apical exposure to BSA (10 mg/ml)
for 48 hours significantly increased tubular basolateral release of
RANTES in respect to control condition (488 6 48 vs. 228 6
19 pg/106 cells, P , 0.01). In the apical compartment of BSA-
stimulated cells RANTES protein values were numerically higher
than those of control cells, but the statistical significance was not
reached (139 6 10 vs. 80 6 6 pg/106 cells).
Protein overload activates the transcriptional factor NF-kB in
proximal tubular cells
Nuclear extracts preparared from LLC-PK1 cells were assayed
for activated NF-kB in an electrophoretic mobility shift assay of
DNA binding factors using a radiolabeled consensus sequence kB
probe containing the core kB site GGGACTTTCC. As shown in
Figure 5 nuclear extracts from control cells formed two faint
bands: an upper complex (complex I) and a faster migrating lower
complex (complex II). The same pattern was observed with serum
starved cells (data not shown). Incubation of proximal tubular
cells with 10 and 30 mg/ml BSA for 30 minutes elicited a
substantial rise in NF-kB DNA binding activity of complex I and
II in a dose-dependent fashion and the appearance of a new band
(complex III) that migrated closely to complex II. TNF-a, a strong
inducer of NF-kB activation [21, 23], was used as positive control.
Treatment of cells with the NF-kB inhibitor PDTC (25 mM)
resulted in inhibition of BSA-induced NF-kB activation (Fig. 5).
The specificity of the binding reaction was confirmed by the
ability of excess unlabeled (cold) NF-kB oligonucleotide to inhibit
binding (Fig. 6). When an excess unlabeled oligonucleotide
containing an altered sequence of the consensus NF-kB sequence
was used as irrelevant oligonucleotide, it did not affect the binding
of the specific kB probe to nuclear proteins (not shown).
The composition of activated NF-kB was investigated by anti-
body EMSA (supershifts) with nuclear extracts of cells incubated
with 30 mg/ml BSA. The pattern shown in Figure 6 was repro-
duced in three independent experiments employing different
nuclear extracts. The upper band, complex I, consisted of two
forms p65/p65 homodimer and p65/cRel heterodimer, since anti-
body against p65 almost completely abolished the entire complex
and caused further gel retardation (supershift), while anti-cRel
antibody determined a signal reduction of the band. When both
antibodies were added simultaneously the complex I disappeared
completely. The apparent diminution of signal intensity in band I
(lane ap50) was not seen in repeated experiments and is probably
due to slight underloading of probe or protein in that lane.
Complex II was inhibited by both anti-p50 and anti-cRel antibod-
ies but not by anti-p65 antibody, suggesting that the complex
represented p50/cRel heterodimer. Finally, complex III repre-
sented p50/p65 heterodimer. Pre-incubation of the cells with
anti-p50 antibody consistently reduced the intensity of the com-
plex in all the performed experiments, while anti-p65 antibody
abolished it. Combination of the two antibodies resulted in the
complete disappearance of the complex III. Cells challenged with
TNF-a promoted the activation of the same NF-kB/Rel subunits
(data not shown).
Fig. 2. Effect of proximal tubular cell loading with IgG on RANTES
production. Confluent cells were incubated with control medium or
medium containing BSA (10 mg/ml) or IgG (10 mg/ml) for 48 hours.
Results are expressed as mean 6 SE. *P , 0.01 versus control.
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Protein overload-induced RANTES production is dependent by
NF-kB activation
To evaluate a possible role of NF-kB activation on BSA-
induced RANTES production, proximal tubular cells were treated
with the NF-kB inhibitors PDTC (10, 25 mM) and sodium
salicylate (5, 10 mM) one hour prior and during 48 hour incubation
with BSA (10 mg/ml). As reported in Table 1 both PDTC (at 25
mM) and sodium salicylate (at 10 mM) completely inhibited the
stimulatory effect of BSA on tubular RANTES production.
DISCUSSION
Despite the recent experimental and clinical evidence quite
convincingly documenting that protein trafficking through the
glomerular capillary has an intrinsic renal toxicity [2, 43], the
intimate mechanism(s) of protein-induced damage is only begin-
ning to be explored. Data are already available proving that
overexposure to filtered proteins during the process of reabsorp-
tion induces proximal tubular cells to up-regulate genes for
vasoactive and inflammatory mediators such as ET-1 and MCP-1
[11, 14], which may play a major role in the interstitial inflamma-
tory reaction that invariably follows initial lesion in proteinuric
glomerulopathies [2]. There is also in vivo evidence that the
corresponding protein products are indeed frequently released
into the renal interstitium [44, 45] where they contribute to
peritubular capillary ischemia and inflammatory cell recruitment.
Here we report that exposure of proximal tubular cells in culture
to albumin and other proteins causes a concentration and time
dependent increase in the production of RANTES, a member of
immunoregulatory chemokines with powerful chemotactic prop-
erties for monocytes and memory T-cells [25, 26]. The relevance
of these findings to the pathophysiology of progressive nephrop-
athies in the context of protein toxicity rests on the recent
demonstration that RANTES plays a pivotal role in acute and
chronic inflammatory responses, and may therefore take an active
part in the development of tubulointerstitial lesions of progressive
nephropathies [31]. Due to the fact that monocytes and T-
lymphocytes are the major cellular component of inflammatory
reaction that follows protein overabsorption, we addressed the
possibility that the secretion of RANTES by proximal tubular cells
were polarized toward the aspects of cells in intimate contact with
the interstitium. Our data show that, at least in vitro, the large
majority of secreted RANTES goes into the basolateral compart-
ment of the cells. If this occurred in vivo, it means that RANTES
generated in response to protein overload accumulates into the
interstitial space. Given its potent and selective chemotactic
properties on those cells that characteristically predominate in the
interstitium during the course of progressive nephropathies, a
contribution of RANTES in cell recruitment and a subsequent
fibrosis is very likely.
The transcription of RANTES is regulated in a complex
manner by diverse control mechanisms in different tissues [27].
Fig. 3. Electron micrograph of LLC-PK1 cells
grown in a bicameral system for four days after
reaching confluence. Cells show clear
polarization with an apical domain bearing
microvilli and a basolateral domain showing
well-defined tight junctions (original
magnification 33,000).
Fig. 4. Polarized production of RANTES by proximal tubular cells after
apical exposure to BSA for 48 hours. Cells were grown on a Transwell
chamber for four days after reaching confluence. Then medium was
removed and control medium or BSA-containing medium (10 mg/ml) was
added to the upper chamber, while medium alone was added to the lower
chamber. Results are expressed as mean 6 SE. °P , 0.05, °°P , 0.01 versus
corresponding apical compartments; *P , 0.01 versus control basolateral
compartment.
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Actually, the 59-flanking region of the RANTES gene contains
binding sites for transcriptional factors, one of which, NF-kB, is
associated with rapid activation mechanisms [33]. NF-kB consists
of protein homodimers or heterodimers belonging to the Rel
family [46, 47] and exists in an inactive form in the cytoplasm of
cell bound to the inhibitory protein IkB [22, 46]. Activation of
NF-kB by appropriate triggers, which include cytokines, activators
of protein kinase C, viruses, and oxidants [23], promotes nuclear
translocation of the DNA-binding subunits after they are released
from IkB. NF-kB controls the transcription of a number of
proinflammatory genes [23] involved in the pathogenesis of
glomerular and tubular disease and of great interest is the recent
evidence of in vivo NF-kB activation in kidneys from rats with
anti-GBM glomerulonephritis [48] and unilateral ureteral ob-
struction [40].
Here we examined whether excessive synthesis of RANTES by
proximal tubular cells in response to protein stress were depen-
dent on NF-kB activation. Our data documented that exposure of
proximal tubular cells to increasing concentrations of albumin
induced a dose-dependent increase in NF-kB–DNA binding
activity, which was effectively and completely blocked by specific
inhibitor interfering with pathways leading to IkB degradation.
Since distinct combinations of NF-kB/Rel subunits bind with
different affinities to the kB sites eliciting different transcriptional
responses [49], this study additionally investigated the composi-
tion of NF-kB subunits that were activated by protein overload.
Fig. 5. Electrophoretic mobility shift assay
(EMSA) for NF-kB activity in nuclear extracts
from LLC-PK1 cells exposed for 30 minutes to
medium alone (control), BSA (10, 30 mg/ml),
BSA plus PDTC (25 mM, added 1 hour before
the addition of BSA), or TNF-a (100 U/ml) as
positive control. Complexes I, II, III denote the
inducible kB specific DNA-protein complexes.
The results shown are representative of three
independent experiments.
Fig. 6. Subunit composition of NF-kB
activated by proximal tubular cell exposure to
an high concentration of BSA. Antibody-
EMSAs were performed with nuclear extracts
of LLC-PK1 cells treated with BSA (30 mg/ml)
for 30 minutes. Nuclear extracts were incubated
with antibodies against p50 (a p50), p65 (a
p65), and cRel (a cRel) subunits to verify the
identity of the BSA-activated NF-kB. Antibody
supershifts produced by binding of the antibody
to the Rel protein-DNA complex are indicated.
To demonstrate the specificity of binding of the
NF-kB oligonucleotide, 1000-fold molar excess
unlabeled NF-kB (cold) was used to compete
with the labeled NF-kB probe for binding to
BSA-induced nuclear proteins. The results
shown are representative of three independent
experiments employing different nuclear
extracts.
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We found that resting LLC-PK1 presented two faint bands
consisting of the homodimer p65/p65 and the heterodimer p65/
cRel complex I and the heterodimer p50/cRel complex II. At
variance with this finding, after exposure of proximal tubular cells
to protein overload, another complex (complex III) appeared that
represented the heterodimer p50/p65. A similar pattern of NF-kB
activation was observed upon challenge of proximal tubular cells
with TNF-a, which is a potent promoter of the expression of
several inflammatory genes [50, 51].
As for the RANTES gene, another NF-kB-dependent gene
MCP-1 [19, 20] can be rapidly induced in rat proximal tubular
cells in culture by high concentrations of either albumin or
transferrin [14]. It is therefore reasonable to assume that over-
loading proximal tubular cells with various proteins results in a
common pathway of activation of NF-kB-dependent genes whose
protein products could collectively play a determining role in
recruiting inflammatory cells into renal interstitium. We per-
formed additional experiments aimed at exploring the possibility
that increased synthesis of RANTES by proximal tubular cells in
response to protein overload were indeed dependent on NF-kB.
Findings that specific inhibitors of NF-kB activation fully elimi-
nate the property of albumin of inducing RANTES synthesis by
cultured tubular cells provide compelling evidence to implicate
NF-kB activation pathway as a common cellular mechanism
capable of up-regulating genes encoding inflammatory and possi-
bly vasoactive products in response to protein stress. Accumula-
tion of these mediators into the renal interstitium could well be
the initial trigger of the complex process that translates glomer-
ular permeability dysfunction into cellular signals of interstitial
inflammation, and eventually determines progression of renal
diseases to end-stage renal failure. Induction of RANTES upon
protein overreabsorption is not limited to cells in culture. A recent
study has documented that RANTES gene was up-regulated in
the kidneys of mice with crescentic glomerulonephritis that were
markedly proteinuric and that the administration of a RANTES
antagonist partially reduced proteinuria and limited glomerular
and interstitial accumulation of T cells and monocyte/macro-
phages [31].
In summary, we have found that the process of tubular epithe-
lial cell activation in response to protein loading includes an
enhanced synthesis rate of the potent inflammatory chemokine
RANTES. Up-regulation of RANTES in response to protein
stress is accompanied by activation of the transcription factor
NF-kB and can be fully suppressed by NF-kB inhibitors. These
data identify a novel mechanism, which may not be confined to
RANTES, by which the process of reabsorption of filtered pro-
teins activates proximal tubular epithelium, and thus explains in
biochemical terms the renal toxicity of protein trafficking.
On the basis of these findings one can foresee novel strategies
to prevent renal disease progression by targeting one of the
complex mechanisms of NF-kB activation [23]. Exogenous inhib-
itors with antioxidant activity are beginning to be studied with this
indication and will probably be available as drugs in the near
future [52]. By a gene therapy approach, inhibitory genes like IkB
[53] could hopefully be transferred to target cells to ultimately
prevent proximal tubular cell activation and the coordinated
expression of proteins with inflammatory properties.
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APPENDIX
Abbreviations used in this article are: BSA, bovine serum albumin;
ELISA, enzyme linked-immunosorbent assay; EMSA, electrophoretic
mobility shift assay; ET-1, endothelin-1; FCS, fetal calf serum; IgG,
immunoglobulin G; IL, interleukin; LPS, lipopolysaccharide; MCP-1
monocyte chemoattractant protein-1; NF-kB, nuclear factor-kB; PBS,
phosphate buffered saline; PDTC, pyrrolidine dithiocarbamate; RAN-
TES, regulated upon activation, normal T cell expressed and secreted;
TNF-a, tumor necrosis factor-a.
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